Introduction
Nonwoven mats of electrospun fibers are remarkable for their unusual combination of high porosity, high surface area and small diameter fibers. Electrospun fibers with core/shell morphology comprise an important subset of these materials, characterized by distinct interior and exterior compositions. These materials are promising for a broad range of uses, including filtration, tissue engineering, nanocomposites, smart textiles and alternative-energy applications such as solar cells, fuel cells, and energy storage devices (Yarin, 2001; Moghe and Gupta, 2008) .
Electrospun core/shell fibers are produced conventionally by a method called coaxial electrospinning, a simple technique that employs two concentric spinnerets ("needles") to feed fluids to a coaxially jetting stream, resulting in core/shell fibers ranging from 0.1 to 10 micrometers in diameter (Sun et al., 2003; Yu et al., 2004; Li and Xia, 2004) . One of the major drawbacks of the conventional process, for both single and multiple fluids, is the limited productivity, typically around 0.001 to 0.1 g/h per spinneret (Theron et al., 2004; Rutledge and Fridrikh, 2007) . Attempts to develop multi-spinneret configurations have shown limited success (Theron et al., 2005) . A number of alternative high-productivity configurations in which electrohydrodynamic (EHD) jets are emitted directly from a free liquid surface have been reported for single fluids (Niu and Lin, 2012) . These configurations go by various names, including "needle-less" electrospinning (Yarin and Zussman, 2004; Miloh et al., 2009; Kostakova et al., 2009; Jirsak, 2010) and "bubble" electrospinning (Liu and He, 2007; Varabhas, 2009 ) and differ in the manner by which a jet is emitted from the free surface of a charged liquid. We refer to these techniques collectively as "free surface electrospinning". Free surface electrospinning is capable of producing fibers at rates that are two to three orders of magnitude higher than spinneret-based methods (Yarin and Zussman, 2004) . However, these free surface methods are not readily generalized to multiple fluids. To date, none of them have been shown capable of producing fibers with core/shell morphology. An interesting intermediate process is the recently described "slit electrospinning" technique (Yan et al., 2012) .
Here, we report free surface electrospinning from a wire electrode, where metal wire electrodes are mounted on a spindle and drawn through a liquid bath, as shown in Fig. 1(a) . This process has been studied previously for a liquid bath comprising a single liquid (Forward and Rutledge, 2012) . We introduce a new bath configuration comprising two immiscible liquids, layered one on top of the other. The wire electrodes are oriented parallel to the liquid surface. The liquids are solutions consisting of one or more volatile solvents and nonvolatile solutes. As the wire sweeps through the bath, first the bottom liquid, then the top liquid, becomes entrained on the wire. This configuration leads to the formation of an annular bilayer film on the wire, wherein the bottom liquid coats the wire and the top liquid coats the bottom liquid. Due to the Plateau-Rayleigh instability, the bilayer film breaks up into individual droplets on the wire, each droplet containing the bottom liquid encapsulated within the top liquid. When the droplets are charged in the presence of an electric field, they orient themselves toward the downfield side of the wire electrode and deform into individual Taylor-like cones. At sufficiently high electric fields, each droplet emits a charged jet with the liquids arranged coaxially within the jet. As the jet travels toward the grounded collector, it stretches and thins, primarily due to electric fieldinduced stresses and charge repulsion. The volatile solvents from the two liquids evaporate in a controlled manner from the coaxial jet to produce solid fibers with a uniform, core/shell morphology. Success of the method depends nontrivially on the design of the two fluids to ensure that entrainment, jetting and drying occur in the desired manner, as described below.
Materials and methods
To demonstrate this process, submicron diameter core/shell fibers were produced from a variety of solution pairs. Experiments were carried out using solutions of 300kDa polyethylene oxide (PEO) and 35kDa polyethylene glycol (PEG), 360kDa polyvinylpyrrolidone (PVP) or 1.3MDa PVP in deionized (DI) water as the bottom liquid. Solutions of 35kDa polystyrene (PS) in mixtures of n-butanol and mesitylene were used as the top liquid. All chemicals and solvents (except for DI water) were obtained from Sigma Aldrich. The solution conductivities were measured using a VWR Digital Conductivity Meter. The liquid-liquid interfacial tensions were estimated by a reciprocal solubility method (Donahue and Bartell, 1952) , and values of liquidvapor surface tensions were obtained from the literature (Pan et al., 2004) . The viscosity was determined by an AGR2 Rheometer (TA instruments) with a cone and plate configuration and a shear rate between 0.1-1000 s -1 . Different concentrations of the co-solvent, n-butanol, in the top liquid were used to modulate the solubility of the two solvents. The equilibrium solubility data for the ternary solvent system of water, n-butanol and mesitylene was obtained from the literature (Shrzecz et al., 1999) . As the concentration of n-butanol in the top liquid increases, the solubility of water also increases. At concentrations of n-butanol higher than 35 wt%, a second, polystyrene-rich phase forms within the solvent-rich phase; for this reason, the concentration of n-butanol in mesitylene was kept below 35 wt%. Solution compositions used in this work, and their properties, are reported in the Appendix Tables A1 and A2. The top organic liquid was of lower density than the bottom aqueous liquid in all cases, so that layering of the liquids in the bath was maintained as two distinct phases throughout the experiment.
During electrospinning, the grounded collector plate was placed above the bath/spindle apparatus, so that, the distance between the collector and wire electrodes (radius of 100 microns) was 30 to 35 cm; this distance allows enough time for the majority of the solvents to evaporate from the liquid jet before impaction on the collector. The rotation rate of the spindle was controlled in the range of 2.5-12 rpm by a small DC motor. For a spindle diameter of 3.2 cm, this corresponds to a wire velocity in the range 4 -20 mm/s. The applied voltage was controlled by a Gamma High voltage power supply (model RR40-1.5) and ranged from 30 to 38.5 kV. Both the liquid bath and wire electrodes were connected to the high voltage power supply. Solution aging (i.e. change of composition due to evaporation of solvent from the surface of the bath) was not significant because the top fluids have relatively low vapor pressures relative to other solvents commonly used for electrospinning. Nevertheless, for the results reported here, experiments were limited to 20 minutes or less and were performed in a closed chamber with a temperature ranging from 21-24 °C and a relative humidity less than 2%. Further details of the experimental apparatus may be found in ref 18 (Forward and Rutledge, 2012) .
UV-Vis spectrometry (PerkinElmer Lambda 35 UV-vis spectrometer) was used to measure the adsorption intensity of electrospun fibers at 260 nm, where polystyrene is UV active. A calibration curve for intensity versus PS concentration was prepared using solutions of known concentrations of PEO and PS, or PVP and PS, in dichloromethane (DCM) . At least 50 mg of electrospun material was dissolved in DCM to produce a PS concentration below 0.35 mg/mL; at higher concentrations, the intensity of the signal saturated. The prepared solutions were placed in a quartz cuvette, and the intensity of absorbance was measured for wavelengths from 200 to 400 nm. The other polymers and solvents used in this work (PEO, PEG, PVP, water, n-butanol and mesitylene) are not UV active in the range of interest. The electrospun mats were allowed to dry for at least a day to ensure that any residual solvent was removed. The fibrous mats were examined by scanning electron microscopy (SEM) to study fiber morphology. In addition, SEM micrographs of fractured fibers and transmission electron micrographs (TEM) of individual electrospun fibers confirm the desired core/shell fiber morphology. Fiber diameters were measured from SEM micrographs using ImageJ software (National Institute of Health, 2012) . A simple transport model is proposed to explain the observed fiber morphologies.
Results and discussion
First, to ensure layering of the liquids and formation of compound droplets without mixing, the liquids must be immiscible. Immiscible solutions have been investigated previously in the conventional electrospinning process to produce coaxial jets, but these systems have resulted invariably in the formation of hollow and/or collapsed fibers (Longson et al., 2001; McCann et al., 2005) . To produce uniform core/shell fibers free of voids, the core phase solvent must diffuse through the shell phase and evaporate at the outer surface of the jet on a time scale commensurate with the evaporation of the shell phase solvent. For this reason, reports of conventional coaxial electrospinning to form fibers with core/shell morphology employ solvents that are miscible with each other and with the shell polymer. In cases where the diffusion of core solvent through the shell is incomplete, fibers may contain a large amount of voids, and/or form collapsed, ribbon-like fibers. Such fiber morphologies were observed by Koombhongse et al (Koombhougse et al., 2001 ) and analyzed by Pai and co-workers (Pan et al., 2009; Wang et al., 2009 ) for single fluid systems. Here, we solve the problem of generating core/shell fibers from coaxial jets of immiscible solutions through the introduction of co-solvent to modulate the solubility of the core solvent in the shell solution.
Second, the entrainment of both liquids on the wire depends on the capillary number ratio of the two liquids. It is well known that as a thin cylinder is drawn through a deformable fluid interface, the thickness of the annular film of entrained fluid, h, is a function of the capillary number Ca of the fluid, according to the relationship h ~ Ca b when Ca < 1 (Quéré, 1999) . Ca = uη/γ, where u, η, and γ are the velocity of the cylinder, viscosity of the fluid and the interfacial tension between the two fluids, respectively. Here, we draw the wire through two immiscible liquids in succession, resulting in entrainment of each to form a bilayer film on the wire, as illustrated in Fig. 1(b) . Typically, the thickness of the entrained bilayer film (h B +h T ) is small compared to the radius of the wire (100 microns) (Forward and Rutledge, 2012) . To a good approximation, the volume fraction of the bottom liquid, ν B , on the wire varies with the ratio of the capillary numbers of the top and bottom liquids, Ca T /Ca B , (where the subscripts "T" and "B" denote top and bottom liquids, respectively) according to Eq. (1):
( 1) For the case where the axis of the wire is oriented parallel to the liquid surface, we have previously shown empirically that b = 0.21 ± 0.011 (Forward and Rutledge, 2012) . Fig. 1 (c) shows the experimentally determined volume fractions of the bottom liquid in the entrained bilayer film, from UV-Vis measurements, as a function of Ca T /Ca B, according to Eq. 1. The relative amounts of solution entrained on the wire during processing were obtained from mass balances applied to each polymer in the final nonwoven mat. When Ca T /Ca B is much larger than unity, the bottom fluid is "swept off" of the wire by the top fluid. When Ca T /Ca B is much smaller than unity, the top fluid experiences insufficient viscous forces to be entrained on the bottom fluid. Similar behavior has been observed in simulations of a rigid sphere passing through a deformable interface between two fluids (Geller et al., 1986 ). The experimental data shows good agreement with Eq. 1 over three orders of magnitude of capillary number ratio, from 0.001-1. Fig. 1 (c) also confirms that the composition of the entrained liquid has no apparent dependence on the rotation rate of the wire spindle, due to the cancellation of velocities in the capillary number ratio. This shows that the relative amount of each entrained liquid depends primarily on the solution properties of the two liquids and not the production rate (i.e. electrode rotation rate). The liquid bath (gold) is charged to a high voltage. As the spindle of wires rotates counterclockwise (as viewed here), the entrained solution first forms a film as shown on the first (leftmost) wire, which then breaks up into droplets as shown on the second (middle) wire. As the spindle rotates, the electric field at the wire increases, so that each droplet emits a fluid jet as shown on the third (rightmost) wire. Evaporation of solvent results in the formation of dry fibers. (b) Evolution of the surface profiles of the two immiscible liquids as the wire (viewed end-on) travels through the liquid interfaces. (c) The volume fraction of the bottom liquid in the entrained bilayer films as a function of the capillary number ratio of the two liquids. The dashed line is the relation given by Eq. 1, with b = 0.21. The open symbols were obtained from experiments in which the bottom liquid was 8 wt% 1.3MDa PVP (triangles) or 15wt% 360kDa PVP (diamonds) in DI water, with top liquids of varying concentrations of 35kDa PS in a 35:65 mixture (by weight) of n-butanol and mesitylene. The filled symbols were obtained from experiments in which the bottom liquid was 12wt% PEO+PEG (a 73:27 mixture by weight of 35kDa PEG and 300kDa PEO) in DI water, with top liquids of varying concentrations of 35kDa PS in pure mesitylene (squares), a 10:90 mixture of n-butanol: mesitylene (triangles) or a 20:80 mixture of n-butanol: mesitylene (circles). In all of these cases, the rotation rate was 5.6 rpm. The remaining symbols are from experiments with a bottom liquid of 12wt% PEO+PEG (the 73:27 mixture) in DI water and top liquid of 10, 20, and 30wt% of 35kDa PS in the 35:65 mixture of nbutanol:mesitylene at rotation rates of 2.5 rpm (x), 5.6 rpm (+), 8.9 rpm (-) or 11.8 rpm (*).
Third, in order to form a coaxial jet from each droplet on the wire, it is desirable to design the more viscous (i.e. bottom) fluid to have the higher conductivity. Since the electrical stresses responsible for jet formation arise due to accumulation of charges at interfaces, in accord with the leaky dielectric model (Saville, 1997) , this ensures that the more viscous fluid jets first and then entrains the less viscous fluid, in a kind of coating flow. If the charges accumulated instead at the surface of the top fluid, the top fluid would jet first, possibly failing to entrain the bottom fluid. For this reason, in the experiments performed here, the conductivity and dielectric constant of the bottom solutions are greater than those of the top solutions, to ensure that charges build up at the liquid-liquid interface.
Finally, the morphology of the fibers varies with the composition of the core (bottom) and shell (top) liquids. A series of scanning electron micrographs of (PEO+PEG)/PS mats formed using shell liquids with different concentrations of co-solvent, n-butanol, and polymer are shown in Fig. 2 . As the concentration of n-butanol was increased (from left to right in Fig. 2) , the deposited fiber mats change in appearance from highly fused, irregular, ribbon-like filaments to more uniform, smaller diameter fibers. These micrographs demonstrate the significant impact that shell solvent composition has on the final fiber morphology. The morphological variation exhibited by Fig. 2 is a consequence of the order in which the core and shell phases solidify. The time required to solidify the core phase, t c , depends on the core solute concentration and the rate at which the solvent of the core phase solubilizes into and diffuses through the shell phase, to evaporate eventually at the outermost surface. The time required to solidify the shell phase, t s , depends on the shell solute concentration and the rate of evaporation of shell solvent. If t c > t s the shell phase solidifies first, subsequently buckling as the core continues to shrink, producing ribbons (Wang et al., 2009 ). However, if t s > t c the core solidifies first, forming a foundation upon which the shell subsequently solidifies, to form the desired core/shell fibers. To confirm this, a simple mass transport model is used to calculate t c and t s . The model assumes a cylindrical coaxial jet where the core solvent (water) diffuses through the shell solvent and all solvents (both core and shell) evaporate at the outermost surface. The initial diameter ratio of the core and shell phases in the jet, ɛ j0 , is estimated from the composition of the entrained liquid bilayer (ɛ j0 =ν B ½ ). As the solvents evaporate, the diameter of the core and shell decrease until solidification occurs in one phase or the other. Solidification of either phase is assumed to occur when the solute concentration reaches 90 vol%. Further details of the model are provided in Appendix B. Fig. 3 shows a plot of parity in the solidification times for core and shell (t c =t s ) for three different shell solute concentrations, as a function of initial jet diameter ratio ε j0 and co-solvent concentration in the shell fluid. Conditions corresponding to points above each curve represent circumstances where the shell solidifies first; subsequent removal of the core solvent leads to buckling of the solid shell and formation of ribbons. Conditions corresponding to points below the curve represent circumstances where the core solidifies first, followed by drying of the shell to encapsulate the core. Superposed on this diagram are experimental results for these fluids.
The mass transport model correctly predicts the fiber morphology of each system. The model relies only upon solution properties and initial geometry. With increasing n-butanol concentration, the solubility of the water in the shell solvent is enhanced. This increases the mass transport of the water through the shell phase, allowing the core to solidify before the shell. The choice of mesitylene is also significant. If the shell solvent is too volatile, the shell phase solidifies before all the water is able to diffuse through it. Choosing a primary solvent (mesitylene) with a low vapor pressure gives the core phase longer time to solidify. The model also shows the role of polymer concentration. A higher polymer concentration in the shell fluid means less shell solvent to remove, so that the solidification time t s is reduced. Similarly, higher polymer concentration in the core phase reduces the solidification time t c . The mass transfer model provides valuable insight into the process, and more significantly into the importance of the solution properties. 4 confirms the successful development of core/shell morphology in fibers produced by the method described here. In the top row of Fig. 4 , the SEMs show fibers in which the brittle PS shell has been fractured, exposing the ductile PEO+PEG core. In the bottom row of Fig. 4 , a contrast agent (copper (II) chloride) has been added to the core liquid to reveal the core/shell morphology in TEMs. The diameters of the core and shell, measured from TEMs, are shown in Table 1 . The thickness of the shell increases with increasing polystyrene concentration, due to both the higher viscosity, which results in greater entrainment of the top liquid on the wire (Eq. 1), and the higher concentration of polystyrene in the shell liquid. The ratio of the core diameter to shell diameter in the solid fibers is expressed by the diameter ratio, ɛ f . An estimate of ɛ f was obtained from the amount of liquid entrained using Eq (2), which was modified from Eq (1) to account for solvent loss. These values are shown in Table 1 Table 1 . The average and standard deviation of the fiber diameter of (PEG+PEO)/PS core/shell electrospun fiber, as well as the theoretical and experimental fiber diameter ratios where the bottom liquid was 12wt% PEG+PEO (73:27 wt% mixture) in DI water and the top liquid was 10, 20 or 30 wt% 35kDa PS in 35:65wt of n-butanol and mesitylene.
Conclusion
We have demonstrated for the first time a technique capable of producing submicron electrospun fibers with a solid core/shell morphology from a wire electrode. A simple design equation is presented for the entrainment of two liquids on the wire. The resulting bilayer film breaks up into compound droplets where charges amass at the liquid-liquid interface, so that coaxial jets of both liquids are emitted from each droplet. This technology depends on the careful design of liquids for the core and shell components so that they are immiscible but allow the core solvent to diffuse readily through the shell liquid. The ability to control the formation of ribbons versus core/shell fibers through the design of the relative solidification times of the component fluids has significance beyond the current technology. By avoiding the use of specially designed needles or closely-spaced spinnerets, the potential for scale up and production of electrospun core/shell fibers in large quantities is greatly enhanced. This enabling technology opens up new opportunities for core/shell fibers in fields as diverse as tissue engineering and drug delivery, biosensors and environmental monitoring, catalysis and reaction engineering, and energy storage. The model consists of a the circular cross-section of a cylindrical element composed of two liquids arranged in a coaxial configuration such that there is an inner (core) liquid and an outer (shell) liquid, as shown in Figure B .1. The model is axially symmetric, with concentration gradients only in the radial direction. Convection and thinning of the cylindrical element due to elongation are neglected in this model. Each liquid is composed of a nonvolatile solute and one or more volatile solvents with known initial concentrations. Also specified is the initial jet radius ratio ε j0 = R I /R O where R I is the initial radius at the interface between the core and shell components, and R O is the initial radius of the outermost surface of the cylindrical assembly. The jet radius ratio is set initially to correspond to a chosen value of bottom fluid fraction in the jet, v B ; R O = 1 micron was chosen to accord approximately with the terminal jet radius (Fridrikh et al., 2003) . All solvents diffuse to the outermost surface of the cylindrical assembly, where they are removed by evaporation. As evaporation takes place, the respective volumes of the core and shell liquids (and hence also the diameters of the core and shell) decrease until solidification occurs. Solidification is defined as that point where either phase reaches a total solvent concentration less than 10 vol%. The purpose of the model is to determine the solidification times of the core and shell phases, denoted t c and t s , respectively. When t c > t s the shell phase solidifies first, producing ribbons or collapsed fibers. When t s > t c the core phase solidifies first, producing the desired solid core/shell fibers. where D i is the diffusivity, A m is the logarithmic mean area, x i I is the concentration at the interface between the core and shell phases, and x i O is the concentration at the outermost surface of the shell phase. The diffusivities of water in n-butanol (0.93 x 10 -5 cm 2 /s) and in mesitylene (0.723 x 10 -5 cm 2 /s) are relatively similar; thus the diffusivity of water through the outer phase was assumed to be 1 x 10 -5 cm 2 /s regardless of composition; the effect of the polymer concentration on diffusivities was also assumed to be negligible. The concentration of core solvent on the shell side of the liquid-liquid interface was determined using solubility data obtained from the literature.
The solvent concentrations in the vapor phase at the outermost surface of the jet are functions of the evaporation rate of the solvents at the outer surface. The evaporative flux J i E for solvent i was determined by the mass transfer equation:
Eq (B.2) where h i , ρ, A, y i O , and y i ∞ are, respectively, the mass transfer coefficient, density of the vapor phase (assuming an ideal gas), area of the outer surface, mole fraction in the vapor phase at the
outer surface and mole fraction in the vapor phase at a distance far away from the surface. For the case where the ambient air flow is parallel to the jet axis, the Sherwood number is estimated by the following correlation (Yarin et al., 2001) :
Here, Re (= 2ρuR O /η) is the Reynolds number and Sc (= η/ρ l D i ) is the Schmidt number. u, and η are the velocity of the ambient air relative to the jet (assumed to 1 m/s) and the viscosity of air, respectively. This correlation has been shown to be valid in air for Reynolds numbers from 0.5 to 50 (Kase and Matsuo, 1965) . Here, we have assumed that this correlation can be extended to Reynolds numbers between 0.1 and 0.5.
Liquid-vapor equilibrium was assumed to exist for solvent i at the outer surface of the jet. A modified Raoult's equation was used to calculate the equilibrium concentrations, according to Eq. (B.4):
where P, γ i , and P i sat are the pressure, activity coefficient, and saturation vapor pressure, respectively. There are several methods to determine the activity coefficient of solvents systems; here we chose the Universal Functional Activity Coefficient (UNIFAC) model (Fredenslund, 1979) to calculate the activity coefficient of each solvent. The activity coefficient of each solvent is dependent on the concentration of the all the solvents in both liquid and vapor phases.
Given Eqs. (B.1) -(B.4), the computational algorithm shown in Fig. B .2 was used to calculate the times for solidification of the core and shell. Initially, the "set" variables are programmed into the routine; these include temperature, pressure, solubility data, saturated vapor pressure, etc. which are dependent on the solvent system used in the model. These "set" variables were the same for all cases considered in this work, since the same solvent system (n-butanol, mesitylene and water) were used in all of the experiments. The "input" variables are the initial concentrations of the solvents and non-volatile (polymer solute) components in each fluid, fluid densities and initial radius ratio. Based on the "set" and "input" variables, the volume and number of moles of each species were determined for each liquid phase. In addition, the equilibrium concentration at the interface of the two fluids was calculated from the solubility data. After the mass transfer coefficient was determined, an initial guess was made for the concentration of each solvent at the outer surface, and the diffusive and evaporative fluxes were calculated. The surface concentrations were then refined iteratively until the diffusive and evaporative fluxes were equal for all volatile components (solvents). Once the fluxes were determined, a small step forward in time was taken, and the radii of the interface and outermost surface were updated to account for the change in volume due to diffusion and evaporation. This constitutes one pass through the calculation. The fluxes where then recalculated, and the program iterated forward in time until the solvent volume of either fluid was less than 10% of the initial solvent volume.
The ambient environment was assumed to be at a temperature of 25 C, a pressure of 1 atm and a relative humidity of 0%. The time step was 0.01 ms. Table B .1 shows the input variables for the model, which depend on the initial jet radius ratio and solution properties. These variables were varied for the different systems examined in this study. Table B .2 displays the set variables, which were not changed throughout this study. In addition, the ternary phase equilibrium data for water, nbutanol and mesitylene from Skrzecz et al. (Skrzecz et al., 1999) was used to determine the equilibrium composition of the organic and aqueous phases. If different solvents had been examined, the diffusivity, saturated vapor pressure and density of the solvents would have become input variables. 
